A recently proposed simple 2D model for plastic spin and texture development in polycrystalline materials due to multiple slip is briefly reviewed. Some features of the analytical solutions of the model available for initially isotropic materials are highlighted. These properties are then used to define a triad of texture vectors within a phenomenological constitutive framework and to partly derive/motivate their evolution equations.
INTRODUCTION
The formulation of an adequate description of the macroscopic material behavior involving, texture development is one of the most challenging tasks for theories of large deformation plasticity. The prime source of induced anisotropy in polycrystalline metals is the development of crystallographic anisotropy or texture, which occurs by the gradual rotation of crystallographic directions in individual grains towards a common axis. The elastic properties can usually be regarded to be unaffected by texture, but the plastic properties depend sensitively on texture development. This is reflected in the evolution of the yield surface's shape as well as its orientation in stress space during large deformations, the latter being governed by the so-called plastic spin (e.g. [1] ). The constitutive formulation of plastic spin has mainly been studied in terms of kinematic hardening models (e.g. [2] , [3] ; see [1] for a critical review), but its application to textured polycrystalline metals appears to be very limited.
An important source of information on crystallographic texture is in principle provided by Taylor models for the large strain plastic deformation of polycrystals (e.g. [4] ). Polycrystal model studies have been successful in explaining many features of the complex phenomenology of texture development, but there still is a need for relatively simple, more phenomenological, constitutive models. Proceeding along lines first suggested in [1] and [5] , the author presented at the 1990 'International Conference on Mechanics, Physics and Structure of Materials' in Thessaloniki a very simplistic 2D model for multiple slip. In the meantime, a more elaborate treatment has appeared in [6] , including a detailed comparison with Taylor models. It is shown that the model captures the most important features of macroscopic behavior due to texture development in polycrystalline materials, while it appears to be still specific enough to guide the formulation of macroscopic constitutive laws.
Here, we shall briefly review this multiple slip model, focussing on the special properties of its description of texture. In particular, we shall discuss some new implications for the PIOS constitutive framework for anisotropic plasticity proposed in [5] , [7] . This framework explicitly introduces so-called texture vectors, and we shall here propose constitutive equations for their evolution that are based on the multiple slip model.
We shall develop the theory within a large deformation framework involving the concept of an isoclinic, intermediate configuration [8] , [9] in which the anisotropic properties are defined. Neglecting elastic strains throughout this paper, the deformation gradient F can then be decomposed additively as F = R e F p , where R e is the rigid rotation from the current into the isoclinic configuration. The continuum velocity gradient L = D + W can then be decomposed as
where D and W are generic for strain-rate and spin tensors, and where AP = t p ¥ p .
THE MULTIPLE SLIP MODEL
The basic ingredient is a 2D model material built up of laminated components (see Fig. 1 ), each one of which deforms predominantly by a single slip. The orientation of the laminae within in a component in the current configuration is specified by the angle φ between the local base vectors ε α associated with the slip planes of the laminae and the global Cartesian basis Choosing the isoclinic reference configuration to be such that the slip planes retain their reference orientation ε α parallel to the e a , the tensor R e is given by
The rigid body spin of the slip planes is then governed by W* according to (1) , with W* = W*.e,.®e,,< 2 = -W* = -φ. Slip on the interfaces between the laminae resembles single slip in a slip system in 2D, and thus the contribution to the plastic rate of deformation which is due to interface slip is given by the well-known expression Va = 'fb <8> η (cf. e.g. [4] , [10] ), with the slip direcion and slip plane normal being given by b = η = ε2, respectively. However, an arbitrary 2D plane strain applied velocity gradient L = Lijei <8> e;·, cannot be sustained by single slip only. Therefore, each laminated component must be allowed to undergo an additional plastic deformation-rate L^ = D^ which involves normal strain-rates along the ij and ε2 directions, such that the trDjj = 0. The total plastic rate of deformation in each component then is L p = + Lß, but it still satisfies the kinematic constraint for the shear components of V perpendicular to the slip planes (1/ = Λ£βέα <8) έβ), as discussed in detail in [1] , [6] . Substituting L p = L -W* with W*2 = -φ into (2) yields the following explicit expression for the rigid body spin:
This differential equation determines the evolution of the orientation of the slip planes during the deformation process from some initial orientation.
The actual composite consists of a number of such laminated components, each with
its own orientation φ. A Taylor-like assumption is invoked to the effect that each component is subjected to the same, applied deformation rate L. In the limit it is conceivable that the composite consists of an infinite number of components, so that we can identify a continuous distribution of laminae orientations. A so-called Laminae Orientation Distribution Function (LODF), denoted by η(φ, ί), was introduced in [6] such that the volume fraction of laminae which, at some instant t, have an orientation between φ and φ + άφ is given by «(φ, t)dq>. Texture development is in this model described in a continuous sense by this LODF. By definition, JjJ «(φ, t)d(p = 1, so that a uniform distribution, corresponding to isotropic properties, is characterized by η (φ, t) = n 0 = l/π. During the deformation process, the orientation of laminae and therefore the LODF changes continually. Its evolution is governed by the following continuity equation [6] : §? + £(ι.φ>«0.
with φ being given by (3) . Simultaneous solution of (3) and (4) during the deformation process, yields the texture development due to single slip in this model material. According to (3), the plastic spin for any component depends on its current orientation, Ψ> 0 = W 12 ~ W? 2 (<p, t). The macroscopic plastic spin of the multicomponent material can now be defined by the weighted average
ο which can be evaluated for each instant during the process once the LODF is known. The average spin of the laminae W 12 can be defined by a similar weighted average.
ANALYTICAL SOLUTIONS FOR STATIONARY PLASTIC FLOW
It was shown in [6] that it is possible to obtain closed-form analytical solutions for the LODF in the case of stationary plastic deformation processes, that is when the applied deformation rate L is constant in time. Introducing the following notation, the LODF for an initially isotropic material (n 0 = l/π) was found as for the practically most relevant range ρ > 1 (the other range ρ < 1 implies deformation processes in which, roughly speaking, the spin exceeds the amount of stretching). As an example we briefly consider simple shear deformations in the X\-X 2 plane; in this case D n = W l2 = γ/2,Dy· = 0 otherwise, so that ρ = 1. Figure 2 shows a polar diagram of the LODF during simple shear at a shear strain of γ = 1.5. In [6] , it is also shown that the integration in (5) can be carried out analytically for this case, resulting in the simple expression _ (l + C 2 )tanh 2 Cx Wl C 2 +tanh 2 Cx for ρ > 1. We shall not dwell upon these results here, but we shall only reiterate here two rather interesting properties of the LODF and the macroscopic plastic spin for any stationary deformation processes with ρ > 1 of an initially isotropic material [6] , is identical to Ω 12 component of the continuum rate of deformation Ω = RR (R is the rotation tensor in the polar decomposition F = VR).
• Note that these properties rely on the fact that we consider plane strain, incompressible, rigid plastic deformations, so that det Β = 1 and λ 3 = 1. It is of importance to recognize that the LODF and plastic spin -both being plastic deformation quantities -are linked directly to the total deformation characteristics; but, it must be remembered that elastic strains have -* been neglected. The property that W l2 = Ω 12 is of some interest because Ω is the spin that appears in the so-called Green-Naghdi rate which has recently been advocated by several authors (see e.g. [11] ), though for different reasons. Also quite interestingly, the average spin W l2 is not equal to the spin of the extrema of the LODF, which is in fact equal to the 12-component of the Euler spin Ω £ (cf. e.g. [12] ).
IMPLICATIONS FOR PIOS THEORY
Let us start with a brief review of the PIOS theory proposed first in [7] . This theory is basically an extension of the theories of Mandel [8] and Besseling [9] who explicitly endow the continuum with a local substructure in the form of a triad of director vectors ε α (α = 1, ...,3). This triad naturally serves to specify the directions of the thermoelastic anisotropy in the isoclinic configuration. Also, it has been suggested to use this triad to specify the directions of the plastic anisotropy [8] , [9] . However, it has been observed in experiments on polycrystalline metals that the plastic properties can become progressively anisotropic during large deformations whereas changes in the elastic properties can usually be neglected. Therefore, it was felt that the approaches in [8] and [9] would be unrealistically restrictive, and this prompted the idea of introducing the existence of a continuously evolving texture -both in intensity and in orientation -into the model in a phenomenological way by introduction of a second triad of directors or texture vectors, {«/}(/= 1,..3), in the isoclinic configuration. This Plastically Induced Orientational Structure (PIOS) then serves to specify the plastic anisotropy, while {ε α } remains to specify the unchanging elastic anisotropy. In contrast to the ε α which can be taken to be orthonormal without loss of generality, the Ji/ will have a length Κ/ * 1 indicating the intensity of texture or anisotropy and need not even be orthogonal. Since texture is not affected by elastic deformations, the texture vectors can be embedded in the continuum, thus defining a corresponding triad p 7 = R e n / (when elastic strains are again neglected). Several aspects of the constitutive description of plasticity using such an approach are discussed in [7] and [5] . The evolution of the PIOS during the deformation process requires additional consti-tutive relationships. For that purpose, a generally nonsymmetric tensor Λ π was introduced in [7] which describes this evolution as the mapping
or p 7 = ί π ρ 7 , L* = W + R e A?R eT .
It was suggested in [7] on intuitive grounds to relate this evolution tensor Α π to the plastic rate of deformation \ p by means of a fourth-order tensor.
In the sequel, we shall consider the conclusions that can be obtained from the multiple slip model by identifying the PIOS vectors ji 7 or p ; with the extrema of the LODF. We shall do so in two steps. First, we note that the multiple slip model is inherently a 2D model; we shall simply assume however that the model can be generalized in some manner to 3D, and that property 1 carries over as well. That is, we assume that in 3D the LODF has three extrema, the directions of which coincide with the principal directions (unit eigenvectors) b ; of the deformation tensor B, while the extremal values n } are equal to the principal stretches Xj. Secondly, we define the vectors p f to coincide with these extrema such that p ; = Xjbj (no sum) or P/ = Bb ; .
A 2D illustration of this procedure is depicted in Fig. 2 . The corresponding texture PIOS vectors n I in the isoclinic configuration are then given by = where ß 7 = R eT b ; . These β 7 can be interpreted as the principal axes of the plastic left Cauchy Green tensor
(the principal values of B p and Β are of course identical). Therefore, the PIOS vectors n f can also be expressed as η, = Β^β-
The various directors and principal directions are summarized in Fig. 3 . The first conclusion to be drawn here is that the PIOS vectors thus defined form an orthogonal triad. Secondly, it is noted that the fact the PIOS vectors, which serve to define the orientation of the plastic anisotropy, coincide with the principal directions of stretch is akin to suggestions made by Hill (e.g. [13] ) concerning the orthotropic properties of sheet metal. Furthermore, their lengths π 7 satisfy the condition π ι π 2 κ 3 ,
Having defined the PIOS vectors in this way, we proceed by deriving the governing evolution relations by utilizing their inherited special properties. First, we define the orientation of the orthonormal vectors β 7 with respect to the fixed reference vectors ε α in the iso- and substitution of (13) gives
L n = Ω £ + R e (2ÄA -1 ) R^ .
